Isotropic pitch-based fibers produced from coal tar pitch with the melt-blowing method were carbonized at temperatures ranging from 800 to 1600 o C to investigate their crystalline structure and physical properties as a function of the carbonization temperature. The in-plane crystallite size (L a ) of the carbonized pitch fiber from X-ray diffraction increased monotonously by increasing the carbonization temperature resulting in a gradual increase in the electrical conductivity from 169 to 3800 S/cm. However, the variation in the d 002 spacing and stacking height of the crystallite (L c ) showed that the structural order perpendicular to the graphene planes got worse in carbonization temperatures from 800 to 1200 o C probably due to randomization through the process of gas evolution; however, structural ordering eventually occurred at around 1400 o C. For the carbonized pitch powder without stabilization, structural ordering perpendicular to the graphene planes occurred at around 800-900 o C indicating that oxygen was inserted during the stabilization process. Additionally, the shear stress that occurred during the melt-blowing process might interfere with the crystallization of the CPF.
Effect of carbonization temperature on crystalline structure and properties of isotropic pitch-based carbon fiber
Introduction
Because carbon fibers (CFs) have excellent mechanical, thermal, and electrical properties, they have been widely used as a new generation of high-tech materials. They are classified into polyacrylonitrile (PAN)-based, rayon-based, and pitch-based CFs depending on their precursors. Although PAN-based CFs are used in over 90% of commercial products due to their high mechanical properties in the CF market, their use in commonplace applications, such as sporting goods and insulators, has been limited due to their relatively high price. Pitch-based CFs can be further classified into high performance CFs and general purpose CFs according to their mechanical properties. Although the former exhibits excellent mechanical properties, it requires complicated processes including anisotropic mesophase formation and viscous melt spinning. Thus, the latter made from isotropic pitch has been widely used as a promising alternative due to its low manufacturing cost [1, 2] . Because isotropic pitch-based CFs have relatively low mechanical properties, they are mainly used in products requiring thermal and electrical properties, such as high temperature insulation and electrostatic discharge applications [3] .
Coal tar pitch (CTP) is a complex material consisting of a wide variety of polycyclic aromatic hydrocarbons. Due to the high aromatic compounds in CTP, it has the advantages of a higher carbon yield compared to petroleum pitch (PP). CF process techniques consist of fiber spinning, stabilization, and carbonization, and the effects of fiber spinning and thermal processes on fiber structure have been widely investigated. Although previous studies have mostly focused on the stabilization process [4] [5] [6] [7] [8] , there have been only a few reports focusing on the carbonization process [8] [9] [10] [11] . During the carboniza-flow in a temperature range of 500-1100 o C to compare the effect of the carbonization temperature on the crystallinity of the pitch samples with different forms (fiber and powder). The pitch-based fibers were produced from the same CTP; however, they suffered some shear stress during the meltblowing process and had a high oxygen content from the stabilization process.
Characterization of the carbonized pitch fiber and carbonized pitch powder
To observe the diameters of the pitch-based fibers, a field emission scanning electron microscope (FE-SEM; SU-70, Hitachi Co., Japan) was used. The SPF and carbonized pitch fibers (CPFs) with different carbonization temperatures were fixed by carbon tape onto aluminum stubs and platinum coated for 60 s for clear observation.
Crystallinity of the carbonized pitch powder (CPP) and CPF were determined by X-ray diffraction measurements (XRD-2000; Shimadzu, Japan) with a Cu-Kα radiation (λ=0.154056 nm) operated at 40 kV and 30 mA. For all the XRD spectra, a linear baseline correction was conducted, and the peak analysis was performed with the OriginLab Pro 8.5 (USA). The spectra were analyzed by curve-fitting the two Gaussian peaks using a deconvolution method around 43° and 50° shown in Fig. 1 [17] . The in-plane crystallite size (L a ) and the stacking height of the crystallite (L c ) were determined from the (10ℓ) peak at ~43° and (002) peak at ~26°, respectively, using the following Scherrer equations [18] [19] [20] : tion process, the crystallinity changes significantly [10] [11] [12] [13] and the changes in the crystallinity affect the properties of the CFs. According to previous reports, the crystallinity of PANbased and aramid-based CFs increased as the carbonization temperature increased [10, 11] . However, the crystallinity of pitch-based CFs exhibited an opposite trend in carbonization temperatures below 1000 o C [9, [14] [15] [16] . Namely, the crystallinity of the pitch decreased with carbonization temperatures in the range of 700-1000 o C; however, it increased eventually with a further increase in the carbonization temperature over 1000 o C. A proper explanation about this phenomenon could hardly be found.
The objective of this study was to investigate the carbonization behavior of pitch-based fibers, which are different from PAN-based fibers. The crystalline structure and physical properties of the carbonized CTP fibers at different temperatures were characterized with a combination of techniques including X-ray diffraction, Raman spectroscopy, fiber diameter, carbonization yield, and electrical conductivity measurements. We tried to understand the relationship between the structural transformations and physical properties as a function of the carbonization temperature. CTP powder was also carbonized and analyzed under similar conditions to compare the effect of the carbonization temperature on the crystallinity of pitch samples with different geometric forms and pretreatment conditions.
Experimental

Raw materials
The isotropic pitch-based short fibers produced from CTP with the melt-blowing method were supplied by OCI Co., Ltd. (Korea). The melt-blown short fibers were stabilized at a heating rate of 4.4 o C/min up to 360 o C in a muffle furnace with an air atmosphere. The CTP with a softening point of 292 o C provided in a pellet form by OCI Co., Ltd. was ground and used as the control material. The properties of the stabilized pitch fiber (SPF) and CTP are listed in Table 1 .
Carbonization of the SPF and pitch powder
To change the crystallinity, the SPF was further carbonized under a nitrogen flow in a temperature range of 800-1600 o C. The samples were heated to a carbonization temperature at a heating rate of 5 o C/min and maintained for 3 min before natural cooling. The CTP was also carbonized under a nitrogen http://carbonlett.org ter (ST850A; Saehan, Korea). Before measuring the resistance, silver paste was applied to both ends of the fibers on an overhead projector film. The electrical conductivity of the pitch fibers was calculated with the following equation [6, 11] :
, where R is the resistance (Ω); r is the specific resistance (Ω·cm); ℓ is the length of the pitch fibers, and k is the electric conductivity (S/m) which is the reciprocal of r.
Results and Discussion
Scanning electron microscope
The size and uniformity of the SPF and CPFs were analyzed with the SEM image shown in Fig. 3 . The obtained short fibers had an average length of 2.7 ± 0.8 cm and a diameter of 14.5 ± 1.6 μm. The average diameter decreased to 11.6-13.8 μm after the carbonization process exhibiting a thinner diameter with the increasing carbonization temperature shown in Table 2 . The
, where λ is the wavelength of the radiation used; B a and B c are the width of the (10ℓ) and (002) peaks, respectively, at 50% height, and φ a and φ c are the corresponding scattering angles. The interlayer spacings (d 002 and d 101 ) were calculated with the Bragg equation (3) as follows:
, where φ is the Bragg angle for the reflection concerned, and λ is the wavelength of the radiation.
Raman spectroscopy was performed with the Renishaw Raman system 1000 with 26 mW and 514 nm diode laser. All the spectra were obtained over a spectral range of 100-4000 cm -1 . For all the spectra, a linear baseline correction was used, and the peak analysis was performed with the Origin-Lab Pro 8.5. The spectra were analyzed by curve-fitting the three peaks (D, G and D3) using Gaussian functions shown in Fig. 2 .
The microcrystalline planar crystalline size L a for the samples was calculated from the integrated intensities of the D and G bands on the Raman spectra using the following Tuinistra and Koenig equation (4) [20, 21] :
, where C(l L ) is the wavelength pre-factor, and I D and I G are the intensities of the D and G bands, respectively. The wavelength dependency of C can be presented with the following relation:
, where C 0 = -12.6 nm and C 1 = 0.033. The C(l L ) value was calculated with equation (5), which has been reported to be valid for 400 nm < l L < 700 nm.
The electric conductivity of the various pitch fibers was calculated after measuring their resistance using a digital multime- introduced an oxygen content of 6.60%. It is well accepted that oxygen gas diffuses through the solid phase pitch fiber, reacts decrease in the average diameter might be due to the elimination of light gases from the CFs and the structural development by heating. The diameter of the STF was uniform compared to previously reported melt-blown pitch fibers [22] , and the diameters of the CFPs were further uniformized with the increasing carbonization temperature indicating smaller deviations shown in Table 3 .
X-ray diffraction
The XRD spectra of the SPF and CPFs as a function of the carbonization temperature are shown in Fig. 4 . From the spectra, the d-spacings (002 and 10ℓ) and the crystalline sizes (L a and L c ) calculated with the Scherrer and Bragg equations are presented in Table 3 and Fig. 5 . There were two broad diffraction peaks around 2q ≈ 25° and 43° in each spectrum corresponding to the diffraction of the (002) and (10ℓ) planes, respectively. The (10ℓ) peak means the overlap of the (100) peak at 42.375° peak and the (101) peak at 44.571°. The (10ℓ) peak was obtained after the separation of the peak at 50° with the deconvolution method. The d 002 spacing increased slightly from 0.3577 nm to 0.3594 nm after the stabilization process due to randomization by oxygen insertion between the consisting layers [23, 24] . The elemental analysis data in Table 1 show that the stabilization process http://carbonlett.org ter the stabilization process due to the randomization from the involvement of oxygen and then increased monotonously with increasing carbonization temperatures from 800 to 1600 o C. An order formation in the longitudinal (in-plane) direction would occur gradually with increasing carbonization temperatures, indicating that the gas evolution did not interfere with the in-plane order formation. It is well established that carbon layer strips containing graphene planes, which is oriented parallel to the fiber axis, occur during carbonization reactions [11] .
The CTP was also carbonized in a temperature range of 500-1100 o C to compare the effect of the carbonization temperature on the crystallinity of the pitch samples with different geometric forms and pretreatment conditions. The CPP did not have the melt-blowing and stabilization processes, exhibiting a much lower oxygen content than that of the CPF shown in Table 1 . The XRD spectra of the CPPs as a function of the carbonization temperature are shown in Fig. 6 . The (002) peaks of the CPPs were sharper than those of the CPFs indicating a larger stacking height of the crystallite (L c ). The d-spacings (002 and 10ℓ) and the crystalline sizes (L a and L c ) calculated from the spectra are also shown in Table 4 and The initial decrease in the d 002 spacing could be explained by the formation of the mesophase [16] , and the latter increase could be explained by the gas evolution [24] . The L c of the CPP increased sharply for carbonization temperatures from 500 to 600 o C probably due to the formation of the mesophase and decreased with carbonization temperatures from 600 to 800 o C due to gas evolution. It eventually increased with carbonization temperatures over 800 o C due to the development of the structural order. The L a of the CPP increased monotonously with increasing carbonization temperatures from 500 to 1100 o C showing a similar behavior with the L a of the CPF.
Comparing the variation in the values for the d 002 spacing and L c between the CPF and CPP, structural ordering perpendicular to the graphene planes occurred at around 1400 o C for the CPF and at around 800-900 o C for the CPP. This result could be explained as follows: the oxygen inserted during the stabiliwith the active components of the pitch, and is immobilized [23] . This reaction involves the polymerization of pitch through dehydrogenation and the introduction of oxygen inducing the crosslinking between the inner molecules of the pitch fibers with excellent thermal stability during the carbonization [6] .
The d 002 spacing increased sharply to 0.3756 nm with a carbonization temperature of 800 o C and further increased slowly until the carbonization temperature reached to 1200 o C. A sharp increase in the d 002 spacing with carbonization at low temperatures around 700 o C has been reported [24, 25] and explained by further randomization through the process of gas evolution. bonization temperature increased, the bandwidth obtained as full width at half maximum showed a declining tendency. A narrowing of the width of the Raman band can be attributed to the development of the structural order. The width of the G band ranged from 56 to 80 cm -1 which is larger than that reported for microcrystalline graphite at 39 cm -1 but is similar to that for carbon blacks at 50-77 cm -1 [26] . Tables 5 and 6 ranged from 1.83 to 2.55 nm. These values were lower than those obtained from the XRD which ranged from 1.96 to 4.52 nm. This difference might be a result of the overlap of the G and D bands. In Fig. 9 , the L a decreased for carbonization temperatures of 800-1200 o C and 700-800 o C for CPF and CPP, respectively, and then increased with further increases in the carbonization temperature. These trends for the L a values from the Raman bands were different from those for the L a values from the XRD. Instead, they were comparable to the trends for the L c values from the XRD. Wang et al. [12] found that the I D /I G values became smaller with increasing carbonization temperatures in the range of 600-1200 o C for PAN based carbon nanofibers showing the validity of the zation process and the shear stress from the melt-blowing process might interfere with the crystallization of the CPF. Thus, a higher carbonization temperature was necessary to form the structural ordering of the CPF compared to the CPP. Fig. 8 shows the Raman spectra of the CPFs (a) and CPPs (b) as a function of the carbonization temperature, respectively. The main features in the Raman spectra of Fig. 8 are the so-called G and D bands centered at around 1590 and 1360 cm -1 representing the graphitic structure and structural disorder within the graphene planes, respectively. To obtain accurate spectroscopic parameters, a curve-fitting procedure was conducted for the Raman spectra shown in Fig. 8 . The spectroscopic parameters obtained by curve-fitting the three peaks (D, G and D3) using Gaussian functions are presented in Tables 5 and 6 . The relatively broad G and D bands observed in the CPFs and CPPs indicate the small crystallite size of these samples. As shown in Fig. 2 , the noticeable band between the two peak maxima can be attributed to another band at around 1510 cm -1 assigned as D3. The D3 band has been associated with amorphous carbon [20, 25] . As the car- Fig. 7 . X-ray diffraction parameters calculated from Fig. 6 . Lc, average stacking heights; La, average lateral sizes. http://carbonlett.org A planar structure can be formed with the basal planes oriented along the fiber axis. It was suggested that intermolecular dehydrogenation took place between 400°C and 600°C, while denitrogenation took place at higher temperatures. Dehydrogenation joined ladder molecules forming graphite-like ribbons, whereas, denitrogenation was responsible for the growth of ribbons to form sheet like structures [1, 28] . Thus, the size of the crystallites increased continuously with increasing carbonization temperature.
Raman spectroscopy
Meanwhile, pitch consists of a wide variety of polycyclic aromatic hydrocarbons. During the stabilization process, cyclization reaction does not require due to the high content of aromatic compounds; however, polymerization of the pitch occurs through dehydrogenation, and the introduction of oxygen inducing crosslinking [6] . The oxidized pitch molecules contain ketone, carbonyl, and carboxyl groups that lead to the formation of a stronger hydrogen bonding between the adjacent molecules. The introduction of oxygen containing groups and the formation of hydrogen bonding between molecules facilitate the three-dimensional crosslinking but hinder the growth of crystallites [1] . The oxygen introduced in Tuinistra and Koenig eq 4. However, in the cases of liquid crystalline cellulose-based CFs [27] and aramid-based CFs [11] , the variation in the I D /I G value was opposite to that observed in the PAN based carbon nanofibers. They explained that the I D / I G ratios increased because the crystallites consisting of cyclic structures containing 4 or 5 carbon atoms grew, and this contributed to the Raman scatter as the carbonization temperature was increased from 500 to 1100 o C. They also concluded that higher carbonization temperatures above 1100 o C are required to obtain a measurable in-plane crystallite size (L a ) from both the XRD and Raman spectroscopy methods.
The reason for the different carbonization behavior could be explained by the structural difference between the PAN and pitch. PAN has a linear molecular structure with C≡N bonds. During the stabilization process, the PAN structure undergoes a cyclization reaction and converts the triple bond structure (C≡N) to a double bond structure (C=N) resulting in a six-membered cyclic pyridine ring and changes the aliphatic to a cyclic structure prior to the formation of the ladder polymer [1, 28] . At the early stages of carbonization, the cyclized structure starts to link up in the lateral direction by dehydration and denitrogenation. 
Electric conductivity
The carbonization yields and electrical conductivities of the CPFs as a function of the carbonization temperature are presented in Table 7 . As expected, the carbonization yield gradually decreased from 81.9 to 73.5% with increasing carbonization temperatures. The conductivity of the CPFs gradually increased from 169 to 3800 S/cm with increasing carbonization temperathe stabilization step is released as carbonic gas in the carbonization step [23] . The pitch fiber with high aromatic compounds tends to be overoxidized compared to PAN releasing a larger amount of volatile elements during low-temperature carbonization. This gas evolution can cause fine pores in CFs hindering the growth of crystallites perpendicular to the graphene planes. http://carbonlett.org ordering between the CPF and CPP might be caused by the oxygen inserted during the stabilization process and the shear stress occurring during the melt-blowing process. The variation in the in-plane crystallite size (L a ) from Raman spectroscopy did not match with that from the XRD. Considering the electrical conductivity of the CPF, the L a values from the XRD would be more plausible than those from the Raman spectroscopy.
Conclusions
To investigate the carbonization behavior of pitch-based fibers, melt-blown short fibers produced from CTP were used. The melt-blown pitch fibers were carbonized in a temperature range of 800-1600 o C after a stabilization step, and CTP powders without stabilization were also carbonized in a temperature range of 500-1100 o C. The crystalline structures of both the fibers and powders were characterized with XRD and Raman spectroscopy. As the carbonization temperature increased, the in-plane crystallite size (L a ) of the CPF from the XRD and its electrical conductivity increased monotonously, showing that the electrical conductivity had a strong correlation with the in-plane crystallite size. On the other hand, according to the variation of the d 002 spacing and stacking height of the crystallite (L c ), the structural order perpendicular to the graphene planes deteriorated for carbonization temperatures between 800 and 1200 o C probably due to the randomization through the process of gas evolution; however, structural ordering eventually occurred at around 1400 o C. In the case of the CPP, the turning point or the structural ordering perpendicular to the graphene planes occurred at around 800-900 o C. This temperature difference of the structural 
